The absorptance of a material at the laser wavelength and as a function of temperature, ranging from room temperature to the removal point, significantly affects the efficiency of the laser machining process. A priori predictions of a laser machining process, using either simplistic or sophisticated models, requires knowledge of the material's absorptance behavior. An experimental apparatus for such measurements is described. The device consists of a specimen mounted inside an integrating sphere, heated rapidly by a CO 2 or a Nd:YAG laser. Reflectances are measured with a small focused probe laser (Nd:YAG or CO 2 ), while specimen surface temperatures are recorded by a high-speed pyrometer. Experimental results have been obtained for wavelengths of 1.06 m (Nd:YAG) and 10.6 m (CO 2 ) for graphite, alumina, hot-pressed silicon nitride, sintered -silicon carbide, as well as two continous-fiber ceramic matrix composites (SiC-based). Data are presented for temperatures between room temperature and the ablation/decomposition points.
Introduction
Extensive application of lasers in materials processing has led to the development of several theoretical models to predict a priori the interaction between lasers and materials, e.g., [1{9] . These range from simple one-dimensional ones to complex three-dimensional transient models. To validate and use these models, the spectral absorptance of the material at the laser wavelength and at temperatures up to its ablation temperature is required. Currently, sufficient and accurate experimental data of this nature are not available. To measure the temperatures during laser processing, infrared pyrometry appears most suitable. However, since the temperature obtained by the pyrometer is the radiance temperature, knowledge of the emittance of the material at the pyrometer wavelength is again required to determine the actual temperature. In this article a new experimental set-up to rapidly determine high-temperature spectral absorptances at Nd:YAG and CO 2 wavelengths (1.06 m and 10.6 m), is presented. Results from these experiments can supply the necessary input data for the above theoretical models. Since pyrometers tend to operate around 1 m, the Nd:YAG absorptance measurements also provide the necessary emittance data for infrared pyrometry.
Various experimental techniques have been developed to measure the radiative properties of opaque materials. These may be separated into three loosely-defined groups: calorimetric emission measurements, radiometric emission measurements, and reflection measurements [10] . The calorimetric emission measurement methods and radiometric emission measurement methods require the specimen to be maintained at the temperature, at which the radiative properties are to be measured. Therefore, it is unrealistic to measure the radiative properties of solids near their ablation temperature using these methods. Best suited for the present task with its extreme temperatures appears an integrating sphere reflectometer [11] . Jacquez and Kuppenheim [11] have provided the general theory of the integrating sphere for hemispherical spectral reflectance measurements. They describe two measurement techniques. In the first method, the so-called "substitution method," the reflected signal of the specimen and the standard reference are measured consecutively by replacing the sample by the standard, and the ratio of the respective detector readings is taken to determine the reflectance. In the second method, the so-called "comparison method," the sphere has two sample holders, and the sample and the standard reference are each placed in their own positions. The light beam is switched from sample to standard and the ratio of the respective detector readings is again determined. Efficiencies and errors for both methods were discussed by Jacquez and Kuppenheim.
Spectral hemispherical emittance measurements at high temperatures have been carried out by a number of researchers. One of the early works was done by Kneissl et al. [12] . Using an integrating sphere, they heated refractory metals and ceramics by induction up to 2000K. A He-Ne laser, which operated at several visible and near-infrared wavelengths was used together with corresponding bandpass filters to obtain high signal-to-noise ratios. A two-detector ratioing system was used to offset the power fluctuation of the He-Ne laser. Bober and co-workers [13{15] also measured the spectral emittance and reflectance of oxide and carbide ceramics up to 4000K at 0.663 and 10.6 m. They developed an integrating-sphere laser reflectometer, which used one laser beam for heating together with simultaneous irradiation of the specimen's surface by a second probe laser at a different wavelength. The probe laser was modulated by an ADP chopper and demodulated by a fast lock-in amplifier, which rejected the emission from the hot spot. The heating process took 100ms, which is the minimum to ensure temperature uniformity in the surface sublayer which absorbs and reflects thermal radiation from the probe laser. A simpler approach was used by Ramanathan and Modest [16] , who used a single laser beam as both heating and probe light source. To smoothen out fluctuations in laser power, a thermopile detector was used for the reflectance measurements at the cost of temporal resolution.
In a reflectometer the energy falling onto the detector consists of two parts, the reflected radiation of the probe beam, the emitted radiation from the hot specimen, and, if a laser is used for heating, reflected radiation from the heating laser. The method adopted by Kneissl et al. [12] cannot reject the emission from the specimen and reflection from the heating laser completely. Bober et al.
[13{15] used a combination of chopper and lock-in amplifier to overcome this problem, but they did not consider power fluctuations of the probe laser. In the scheme adopted by Ramanathan and Modest [16] , their thermopile detector had a response time of 0.3s while the heating process took only 1s. This made it difficult for the detector to keep up with the changing signal, i.e., the detector may have lagged behind the changing signal, giving too flat a response. Another disadvantage of their scheme was that they used a single laser for both heating and probing. Therefore, the irradiated spot of the specimen was not isothermal due to the spatial laser beam profile as well as due to conduction losses. For a single beam the irradiation is reflected over a range of temperatures rather than at a single temperature, the highest temperature at the beam center being reported by the pyrometer. For this reason, the use of a single laser for both heating and probing can result in significant inaccuracy.
A new experimental apparatus for the rapid measurement of solid reflectance at high tem- peratures has been constructed. The set-up incorporates dual integrating spheres to eliminate power fluctuations of the probe light source, a combination of lock-in amplifier and chopper to reject emission from the specimen, and a separate heating laser at a different wavelength and with a substantially larger spot size to achieve an isothermal probed surface. A pyrometer with a spectral response of 0.8 1.0 m was used to measure the sample temperature. The emittance of the material at the Nd:YAG wavelength was used to infer actual temperatures from the radiance temperature measured by the instrument. The absorptance as a function of temperature at Nd:YAG and CO 2 wavelengths is presented for several materials. The materials considered are graphite, -silicon carbide, sintered silicon nitride, alumina, and two continuous-fiber composites, one with carbon fibers embedded in a silicon carbide matrix (C/SiC), and another with silicon carbide fibers embedded in a silicon carbide matrix (SiC/SiC).
Experimental Set-up
The experimental set-up for measuring the reflectance of a sample at elevated temperature is shown in Fig.1 , consisting of two integrating spheres, a heating laser, a probe laser, two detectors, a mechanical chopper and two lock-in amplifiers and laser optics. The specimen was mounted at the center of the sample integrating sphere (RTC-060-IG), which was purchased from Labsphere. The inner wall of the sphere and the sample mount are coated with Infra-Gold, which has a reflectance of 95% over the range of 1 20 m. The sample sphere is 15cm in diameter, has three 2.5cm access ports on the top, and another 1.25cm detector port is located at the side. The detector port is well baffled from the sample to ensure that the radiation is isotropically scattered before reaching the detector. The specimen was irradiated by a probe laser with an incidence angle of roughly 20 o , and a beam diameter of approximately 100 200 m. An Apollo 575 tunable CO 2 laser was used as probe laser for 10.6 m property measurements, while for 1.06 m a Control 512QG Nd:YAG laser was used. In each case, the probe laser beam was modulated by a mechanical chopper (SR540, Stanford Research) running at roughly 3kHz, near the maximum frequency of the chopper. The modulated signal was detected by an MCT detector (Graseby Infrared). This detector performs well at both 1.06 and 10.6 m. The detector was connected to the lock-in amplifier (SR850, Stanford Research). The modulation of the probe laser, together with a laserline bandpass filter in front of the detector to block the radiation at other wavelengths, allows the measurement of the reflected radiation in the presence of intense radiation emitted from the heated zone as well as reflection from the strong heating laser. The lock-in amplifier was set to run at a time constant of 1ms, which was restricted by the chopping frequency. In order to eliminate errors due to power fluctuation of the probe laser, the probe beam was split with a part of the beam going into a reference sphere. The signal of the reference sphere was picked up by another MCT detector (Graseby Infrared) and lock-in amplifier (SR810, Stanford Research). The specimen was heated by a second laser operating at a different wavelength from the probe laser: during 1.06 m measurements, a CO 2 laser (Coherent Everlase S51) was used for heating, while a Nd:YAG laser (Hobart HLP 3000) was used for heating during 10.6 m property measurements. The sample sphere was purged with argon during the heating process to suppress chemical reactions. The heating laser was only partially focused to give a spot of roughly 1mm 2 . In this configuration the heating lasers were able to heat up the specimens to their ablation temperature within 100-200ms, which further minimized the chemical reactions. The probe laser was focused onto the center of the heated zone. First, the two lasers were aligned by using the internal alignment laser. Then both lasers were turned on to burn spots on a test sample. The alignment was adjusted to center the probe spot to the heating spot. Accurate alignment of the probe laser to the center of the considerably larger heated zone ensured that the probed spot was essentially isothermal.
To align the pyrometer for Nd:YAG probing, the probe laser spot location was determined using an IR viewer, afterwhich a He-Ne laser was focused onto the spot to indicate its position. For 10.6 m measurements the probe laser, when aimed at the specimen with the chopper off, was strong enough to heat the specimen to a temperature, whose emission was strong enough to be visible in the pyrometer's eyepiece, and the pyrometer was aligned to the center of this hot spot. The pyrometer was designed and constructed specifically for this experiment by Ramanathan et al. [17] , and was aimed at the probe laser spot to measure the surface temperature of interest. The pyrometer has a viewing area of 50 m in diameter and time constant of 10 s. The spectral response of the pyrometer is approximately 0.8 1.1 m. In order that the pyrometer can be used with a (heating or probe) Nd:YAG laser, a 0.95 m short-pass filter was added in front of the pyrometer. The pyrometer was recalibrated after the filter was added.
The demodulated reflection and temperature signals were digitally recorded. The specimen was then replaced by a standard reference with known reflectance without disturbing the set-up; only the probe laser was turned on this time and the radiation signals from both integrating spheres were recorded. The standard references used were a spectralon diffuse reflectance standard (SRS-99-010) and an Infra-Gold coated sample both purchased from Labsphere. The optics for the CO 2 laser path were made of zinc selenide, and the optics for the Nd:YAG laser path were made of calcium fluoride. Jacquez and Kuppenheim [11] showed that for an integrating sphere with uniform wall coating the radiation, which passes out of an aperture of the sphere, is proportional to the specimen's reflectance and a configuration coefficient, which is a function of the port area, the inner surface area of the sphere, and the reflectance of the wall coating. When the port area is small compared with the inner surface area of the sphere, which is an appropriate assumption for most integrating spheres, the configuration coefficient can be regarded as a constant. Furthermore, if the detectors are working at their linear range, it follows that
where I s and I r are the intensities of the radiation, s and r are reflectances of the specimen and the reference, and V s and V r are signals produced by specimen and reference, respectively.
For an opaque specimen, the spectral absorptance and emittance is given by = = 1 ; s .
Since temperature and reflectance signals are recorded simultaneously, they can be used together to provide absorptance versus temperature data. Because the pyrometer used has a radiance temperature range of 1500K to 3500K (after addition of the 0.95 m bandpass filter), the experiment cannot match the absorptance data to radiance temperatures below 1500K, although it still provides the value of absorptances at room temperature.
Results and Discussion
Between 4 and 6 different reflectance measurements were carried out at each wavelength for each material, using new specimens for each experiment. Each experiment was carried out at different power levels, to ascertain that there were no serious changes of reflectance with irradiation levels. It was observed, as done by Ramanathan and Modest [16] before, that the ablation temperature of each material increases somewhat with irradiation level; this is in qualitative agreement with an ablation rate according to an Arrhenius relation. Because of the limited number of runs, and because the maximum temperature reached in each experiment (but on the same material) was different, determination of standard deviations was deemed inappropriate. Instead, data for reflectance vs. radiance and actual temperatures are presented in terms of average values (averaging results from different irradiation powers), together with upper and lower bounds. For the highest temperatures, whenever less than three data points remained, only the average reflectance is shown.
Hot-pressed silicon nitride
The hot-pressed silicon nitride used in this study contains 6wt% Y 2 O 3 and 2wt% Al 2 O 3 as additives and was purchased from GTE Inc. Absorptance data for Si 3 N 4 at 10.6 m and 1.06 m are shown in Figs.2 and 3 for temperatures up to its ablation temperature of approximately 2170K [18, 16] . The absorptance of Si 3 N 4 at 1.06 m remains almost constant at 0.85 for temperatures all the way up to 2170K. The heating process shows the removal radiance temperature when the signal from the pyrometer reaches a constant as seen in Fig. 4 for a typical run . The radiance temperature during removal is seen to be approximately 2100K. Using the spectral emittance at 1.06 m, this yields an actual removal temperature of 2143K, which agrees well with the value provided by Pehlke and Elliot [18] .
The absorptance at 10.6 m measured at room temperature with the present set-up was found to be 0.15, which is slightly lower than that reported by Roy et al. [19] , who gave a value of 0.18. The absorptance remains low until about 1600K and beyond that changes appreciably with temperature. Si 3 N 4 is known to have a reflection band at around 10 m [20] . The rapid increase of absorptance can be attributed to a band shift at elevated temperatures. The present result is considerably different from that of Ramanathan and Modest [16] , who reported that the absorptance increases only moderately as the temperature increases from 1300K to 2200K. As discussed earlier, due to the slow detector used in their experiment, their apparatus apparently did not respond fast enough to the rapidly changing signal.
Sintered -silicon carbide
Sintered -silicon carbide was purchased from Carborundum Inc., in the form of a 3.5mm thick sheet. No data are available on the additives used in the manufacture of this material. The absorptance at 1.06 m increases slightly with temperature up to 2200K, after which it decreases to 0.73 at 2900K. SiC is known to have a 12.6 m reflection band [21] (fundamental lattice band), and the reflection band shifts to larger wavelengths as the temperature rises, as do other ionic crystals [22{24] . Because of the band shift one would expect to see a decrease in reflectance, and hence an increase in absorptance. Roy et al. [19] reported the normal absorptance of SiC at 10.6 m to increase with temperature from 0.2 at room temperature to 0.85 at 1273K. Our data in Fig. 6 show that the absorptance at 10.6 m increases from 0.5 at 1500K to 0.83 at 1900K and then decreases marginally to 0.76. This difference may be attributed to the fact that Roy et al. [19] used equilibrium heating, which may have resulted in a thin SiO 2 layer on the surface, while laser heating takes only a fraction of a second, which minimizes chemical reactions.
Graphite
The graphite measured in this study is black graphite (McMaster-Carr). The absorptances at 1.06 m and 10.6 m are shown in Figs.7 and 8 . The absorptance at 1.06 m is about 0.95 from 1500K to 3500K, which agrees well with the existing literature for the visible range [25] . On the other hand, the absorptance at 10.6 m shows a slight temperature dependence, increasing from 0.73 at 1500K to 0.84 at 3400K.
Alumina
The alumina used in this study was AD99 and was purchased from Coors Corp. Unlike all the other ceramics in this study (which decompose mostly into gases without first melting), alumina is known to melt at around 2315K under equilibrium conditions [26] . The results presented in Fig. 9 are the absorptance at 1.06 m, showing that alumina is highly reflective until about 1800K, and its absorptance starts to increase sharply thereafter, reaching 0.95 at 2800K. The results differ from those of Blair [27] , who used a "direct technique," which is known to be susceptible to large errors at short wavelengths [28] . Due to the low emittance at 1.06 m, the pyrometer could not detect temperatures below 1780K (or 1500K radiance temperature). Figure 9 does not show a distinct change in absorptance at the melting point of 2315K. Indeed, for most of the specimen the temperature vs. time signal did not show a distinct melting point. A typical temperature vs. time signal is shown in Fig. 10 : because of the strong laser irradiation the alumina apparently superheats to about 2600K before starting to melt. Melting takes place over a range of temperatures and probably has not yet concluded when the laser was turned off at about 3350K. Note that during cool down there is a distinctive plateau at around 2300K, indicating equilibrium solidification and corroborating the JANAF table's melting temperature [26] . Data for the other specimens are similar, with onset of melting ranging from 2300K to 2600K, depending on irradiation levels. Results for 10.6 m are not available, since the absorptance of alumina at the heating laser wavelength of 1.06 m is only 0.18 in the temperature range between room temperature and 1800K. This causes large amounts of heat to be dissipated to the integrating sphere, which could damage the apparatus.
Composite materials
The composite materials considered were SiC/SiC composite (consisting of long wovensilicon carbide fibers embedded in a -silicon carbide matrix) and C/SiC composite (carbon fibers embedded in a -silicon carbide matrix). They were obtained from E.I. DuPont de Nemours and Co., and contained nominally 45 vol% matrix material and 45 vol% fibers, with the rest being porosity. Figures 11 and 12 show the absorptance of C/SiC at 1.06 m and 10.6 m, respectively. The absorptance at 1.06 m increases slightly from 0.87 at 1550K to 0.92 at 3100K. This is slightly higher than that of monolithic -silicon carbide and lower than that of graphite, which was expected. The absorptance at 10.6 m was found to be 0.7 at room temperature, which agrees with Ramanathan and Modest [16] , who reported the absorptance at 10.6 m as 0.67 below 1250K, and increasing almost linearly with temperature to 0.77 at 2270K. The current study shows that the absorptance increases before the temperature reaches 1550K, and then changes slightly from 0.9 at 1550K to 0.93 at 2300K. Both inherent weaknesses of Ramanathan and Modest's scheme (single beam, slow detector) would tend to have their experiment report lower-than-actual absorptance data. The absorptance of C/SiC does not have the small peak around 2000K as the monolithic silicon carbide. This may be attributed to the fact that the decomposition of silicon carbide is suppressed by the carbon-rich vapors [29] . Figures 13 and 14 show the spectral absorptance vs. temperature at 1.06 m and 10.6 m. At 1.06 m the absorptance shows no appreciable change with temperature. It is higher than that of monolithic SiC, which was expected due to the material's porosity. The absorptance at 10.6 m changes from 0.7 at 1700K to 0.92 at 2300K and then decreases to 0.72 at 2800K. As expected, these value are higher than those of Ramanathan and Modest [16] , and also increase faster with temperature. The absorptance of SiC/SiC reaches a peak value at 2300K and decreases thereafter, which is consistent with the behavior of monolithic SiC. The peak at 2300K fades to a plateau of absorptance in Ramanathan and Modest [16] . It is also interesting to notice the peak of absorptance appearing around 2300K in contrast to that of C/SiC, which has no peak.
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Conclusions
An integrating sphere reflectometer with dual laser beam heating and probing was constructed. The apparatus, which incorporates two integrating spheres in combination with a chopper and two lock-in amplifiers, can account for power fluctuations of the probe light source and measure the reflectance in the presence of intense ambient radiation. The hemispherical absorptances for a number of ceramics, namely silicon nitride, silicon carbide, graphite, alumina and two composite ceramics (C/SiC and SiC/SiC), have been presented. The results can furnish reliable radiative property data for use in theoretical models of laser processing, and can improve the accuracy of infrared pyrometry. 
